The products of the trithorax and Polycomb groups genes maintain the activity and silence, respectively, of many developmental genes including genes of the homeotic complexes. This transcriptional regulation is likely to involve modification of chromatin structure. Here, we report the cloning and characterization of a new gene, trithorax-related (trr), which shares sequence similarities with members of both the trithorax and Polycomb groups. The trr transcript is 9.6 kb in length and is present throughout development. The TRR protein, as predicted from the nucleotide sequence of the open reading frame, is 2431 amino acids in length and contains a PHD finger-like domain and a SET domain, two highly conserved protein motifs found in several trithorax and Polycomb group proteins, and in modifiers of position effect variegation. TRR is most similar in sequence to the human ALR protein, suggesting that trr is a Drosophila homologue of the ALR. TRR is also highly homologous to Drosophila TRITHORAX protein and to its human homologue, ALL-1/HRX. However, preliminary genetic analysis of a trr null allele suggests that TRR protein may not be involved in regulation of homeotic genes (i.e. not a member of the trithorax or Polycomb groups) or in position effect variegation.
Introduction
The Drosophila homeotic genes are responsible for determining the segmental identity of cells along the anteriorposterior body axis. Once the expression of homeotic genes is initiated by the products of gap and pair-rule genes in the early embryo, the products of trithorax-group (trx-G) genes function as transcriptional activators that sustain particular patterns of homeotic gene expression throughout development (reviewed by Kennison, 1995) . The trx-G functions antagonistically to Polycomb-group (Pc-G) proteins, which maintain the transcriptional silence of homeotic genes in cell lineages where they are not required (reviewed by Bienz and Müller, 1995; Orlando and Paro, 1995; Simon, 1995) .
Several lines of evidence suggest that maintenance of target gene transcriptional activity and silence by trx-G and Pc-G proteins, respectively, may involve chromatin structure modification (reviewed by Peterson and Tamkun, 1995; Pirrotta, 1997) . Included among this evidence, is the observation that some trx-G and Pc-G proteins contain regions of sequence similarity shared by heterochromatin proteins that are involved in position effect variegation (PEV). For example, the Pc-G protein enhancer of zeste [E(Z)], the trx-G proteins trithorax (TRX) and abnormal, small or homeotic (ASH1), and the suppressor of PEV SU(VAR)3-9 all contain a SET domain (Mazo et al., 1990; Jones and Gelbart, 1993; Tschiersch et al., 1994; Tripoulas et al., 1996) . Additional SET domain proteins from a wide variety of species subsequently have been identified (reviewed by Jenuwein et al., 1998) . All that have been sufficiently studied appear to be involved in chromatin-mediated transcriptional regulation.
In order to identify additional genes whose products are involved in this aspect of transcriptional regulation, we have cloned and characterized a new Drosophila gene that encodes a SET domain protein. Among all known proteins, this new SET domain protein is most similar to the mammalian protein ALR (Prasad et al., 1997) and to Drosophila TRX (Mazo et al., 1990) and its mammalian counterpart ALL-1/HRX (Gu et al., 1992; Tkachuk et al., 1992) . Therefore, we have named this new gene trithorax-related (trr). In addition to a SET domain, TRR protein also contains a PHD finger-like motif, a motif characterized by a Cys 4 -HisCys 3 pattern spanning approximately 50-80 residues (reviewed by Aasland et al., 1995) . The PHD finger motif is present in several other proteins including the trx-G proteins TRX (Mazo et al., 1990) , ASH1 (Tripoulas et al., 1996) and ASH2 (Adamson and Shearn, 1996) , and the Pc-G protein polycomblike (Lonie et al., 1994) . trr has a substantial maternal component, and its RNA is expressed throughout development in multiple tissues. We have isolated a presumed null allele of trr, which produces embryonic lethality, but no dominant adult or recessive embryonic homeotic phenotypes. Lack of genetic interactions with trx and Pc mutant alleles also suggests that TRR protein may not be involved in regulation of homeotic genes, and therefore at this time may not be classified as a member of either the trx-G or Pc-G. Nevertheless, its sequence similarities to some trx-G and Pc-G proteins suggests that TRR likely participates in a biochemically related aspect of transcriptional regulation.
Results and discussion

Cloning of trr cDNAs
This work describes an attempt to clone genes from different species that are structurally related to Drosophila TRX and to its human homologue ALL-1/HRX. We were particularly interested in finding proteins containing a SET domain, since it is becoming obvious that this domain is a common feature of many functionally related chromosomal proteins. One of the new SET domain-containing proteins, ALR, has been recently characterized, and showed the highest homology to TRX and ALL-1 among all known proteins with SET domains (Prasad et al., 1997) . Using a SET domain probe of ALR to screen, at low stringency, a Drosophila embryonic cDNA library, several positive clones were isolated, subcloned and sequenced. All of these clones contained cDNAs representing the same sequence, which is most similar to the ALR sequence. In several additional attempts, we failed to isolate Drosophila cDNAs encoding SET domain proteins, other than those that were previously cloned. In parallel, we used a PCR-based approach, which also led to the isolation of the same sequence. RT-PCR of 4-8 h embryonic polyA + RNA was performed using degenerate primers that were designed against conserved SET domain coding regions. The PCR products were cloned and sequenced. Eighteen of the 24 clones examined each represented one of the previously identified SET domain genes, trx, E(z), ash1, or Su(var)3-9. Four clones contained a novel SET domain sequence, which is identical to the SET domain of the cDNAs described above. Collectively, these results suggest, but certainly do not prove, that these may be the only Drosophila SET domain genes, or at least the only SET domain genes expressed during early embryogenesis. However, because of its high homology to trx, we call this new gene trithorax-related, or trr.
Isolation of trr genomic region
Using a trr cDNA probe, two overlapping phage clones MG2 and MG3 covering the entire trr gene have been isolated from a Drosophila genomic library (Fig. 1) . The inserts of these phages have been subcloned and partially sequenced. Comparison of their sequences to the data base showed that MG2 contains sequence of the segment polarity gene armadillo (arm), which is located in the 2B15 region of the X chromosome. This is consistent with our polytene chromosome in situ hybridization results using a trr genomic probe (not shown). The transcriptional organization of the arm region has been extensively characterized by Riggleman et al. (1989) . Comparison of our analysis of trr RNA (see below) with their results, suggested that the long transcript adjacent to the 3.2 kb arm transcript is the trr transcript (Fig. 1) . The size of trr RNA is compatible with the length of the intergenic region between arm and other unknown transcripts, suggesting that trr does not contain introns of substantial size. Therefore, we have sequenced the genomic DNA of the MG2 phage representing the entire trr transcription unit. In RT-PCR experiments using embryonic RNA, we found that trr contains five 50-80 bp microintrons, all located in the 3′-portion of its coding region ( Figs. 1 and 2 ). There is a TATA box located 553 bp upstream of the first ATG. The locations of a putative transcription start site, 44 bp downstream from this TATA box, and a putative polyadenylation signal predict a spliced transcript size of 9.5 kb that is in strong agreement with the observed transcript size of 9.6 kb.
Sequence of the predicted TRR protein
There is a single long open reading frame in the nucleotide sequence determined from trr cDNAs and genomic DNA. None of the first three ATGs in the open reading frame is in a context closely resembling the Drosophila translation initiation consensus sequence (Cavener, 1987) . Therefore, assuming that the first ATG is used for initiation, the predicted TRR protein would be 2431 amino acids in Fig. 1 . Map of the molecular organization of the trr locus (based on the map of the arm locus of Riggleman et al. (1989) . The upper line indicates the modified restriction map of the arm-trr locus. Two phages covering the trr transcription unit are designated MG2 and MG3. The thick lanes indicate exons of trr and arm, and other putative transcripts detected in this genomic region (Riggleman et al., 1989) . Arrows indicate the direction of transcription. Hatched boxes indicate genomic fragments that were used to construct transgenic flies for rescue experiments with arm (Riggleman et al., 1989) and trr. Vertical arrow above the restriction map indicates the position of the trr 1 mutation. length with an estimated molecular weight of 260 kDa (Fig.  2 ). There are several regions with an unusually high fraction of proline, glutamic acid, serine, aspartic acid and threonine residues. Such PEST sequences are characteristic of shortlived proteins (Rechsteiner, 1990) . TRR contains two regions that contain stretches of basic residues that are putative nuclear localization sequences (Dingwall and Laskey, 1991) ; this is consistent with the proposed TRR role as a nuclear protein involved in transcriptional regulation. The striking feature of the TRR protein is that it shares several domains of sequence similarity with ALR, TRX and ALL-1 (Fig. 3) . In addition to a SET domain, TRR also contains a PHD finger-like domain that we call ZNF . This Cys-His-rich cluster is located in the C-terminal portion of both TRR and ALR, and in the central region of TRX and ALL-1 (Fig. 4 ). This region extends over 108 residues and shows 55 and 47% identity, respectively, to ALR and TRX. ALR also contains a second ZNF domain located at the Nterminus of the protein (Prasad et al., 1997) . In addition, database searches identified a C. elegans protein of (Mazo et al., 1990) ; ALL1 is a human homologue of TRX (Gu et al., 1992; Tkachuk et al., 1992) ; ALR is a human protein that has a total length of 5262 amino acids (Prasad et al., 1997) . Z81120 is a hypothetical C. elegans protein.
Consensus represents identical and conserved amino acids.
unknown function (accession number Z81120) that also contains this novel protein domain (Fig. 3) . Overall, TRR is most similar to ALR. The TRR and ALR SET domains have a more extended region of homology, and TRR SET is 70% identical to ALR SET compared to only 45% identity with TRX SET (Fig. 3) . In addition to the SET domain and the ZNF domain, all four proteins (TRR, ALR, TRX and ALL-1) contain two relatively short homologous domains, which we have previously called ATA1 and ATA2 (Tillib et al., 1995; Prasad et al., 1997) . TRR and ALR also show a relatively higher degree of conservation in these two domains. Interestingly, the C. elegans protein Z81120 also contains both ATA1 and ATA2 domains, and a portion of the SET domain (Fig. 3) . The ZNF, ATA1, ATA2 and SET domains are all clustered at the C-terminus of TRR, ALR and the C. elegans protein, but ZNF and ATA1 are separated in TRX and ALL-1 (Fig. 4) . The remainder of the TRR and ALR proteins is not conserved significantly, although short stretches of homologous amino acids can be found in other regions. TRR is substantially smaller than ALR, and does not contain conventional PHD fingers, which are found at the N-terminus of ALR. Comparison of protein sequences and similar clustering of the homologous protein domains strongly suggests that fly trr and the human ALR gene are structural homologues. Furthermore, they are more closely related to trx and ALL-1 than to any other previously cloned gene. Although ALL-1 and TRX share similarities only in the PHD fingers, and in the ZNF and SET domains, there is little doubt that they are functional homologues. The same may be true for trr and ALR, and it is likely that given the existence of SET and ZNF domains in both proteins, their biochemical activities are similar to those of TRX and ALL-1.
Developmental expression of trr
A 9.6 kb size transcript was visualized when a trr gene probe was used to analyze Northern blots of wild-type embryonic poly A + RNA from staged embryos. The observed size of trr RNA is consistent with that predicted from cDNA and genomic DNA sequences. The trr transcript is several times more abundant in 1-7 than in 7-20 h old embryos (Fig. 5) , which is in agreement with our results of whole mount in situ hybridization (Fig. 6 ). In situ hybridization performed in embryos showed a uniformly distributed trr RNA at the preblastoderm stage (Fig. 6B ). Since the transcript is present in very early embryos, prior to the onset of zygotic transcription, it must be maternally contributed. This fact led us to examine trr expression in ovaries. trr transcripts are not expressed in ovarian stem cells, oogonia or early cysts and are first detectable at stage 8 in the cytoplasm of nurse cells, which is consistent with the maternally provided RNAs (Fig. 6A) . At stage 10, trr RNA is seen in the anterior end of the oocyte, and is uniformly distributed later on. The maternal trr RNA is quite stable and we do not observe a decrease prior to cellularization of the blastoderm, at a time when zygotic transcription begins. The trr gene is expressed almost uniformly in embryos from precellular Fig. 4 . Conserved domains within the TRR, ALR, TRX and ALL-1 proteins. NLS, potential nuclear localization signal; PHD, PHD fingers; SET, SET domain; ZNF, conserved Cys-His-rich domain; ATA1 and ATA2, regions of homology unique to the four proteins. The ALR and TRX genes also encode smaller protein isoforms (Sedkov et al., 1994; Prasad et al., 1997) . blastoderm stage to the germband extended stage. At the germband extended stage, trr RNA is enriched in the mesoderm (Fig. 6D) . During germband retraction, it is strongly expressed in the anterior and posterior midgut (Fig. 6E) . At the germband retracted stage, the trr transcript becomes less abundant and is mainly localized to the ventral nerve cord and the brain (Fig. 6E,F) . In third instar larvae, trr is strongly and almost ubiquitously expressed in all imaginal discs (Fig. 6G,H) . We also observed a low level of trr expression in salivary glands (not shown), but there is no detectable expression in larval brain and gut tissues. From our analysis of trr transcript distribution it can be concluded that the trr gene is expressed in many tissues during Drosophila development, similarly to the TRX protein, which is in agreement with its proposed role in transcriptional maintenance of a large number of developmentally important genes.
Isolation and analysis of a trr mutant allele
In order to initiate reverse genetic analysis of trr, we carried out a mutagenesis designed to isolate trr alleles. Due to lack of chromosomal deficiencies that uncover the trr region, we screened for X-linked recessive lethal mutations that are rescued by the P[R2, w + ] transgene, which contains the trr gene and the adjacent D15 gene (Fig. 1) . The trr 1 genomic region was sequenced and found to contain a C to T transition that converts codon 89 into a stop codon. Since the predicted product of this allele would include only the N-terminal 88 amino acids, trr 1 is most likely a null allele. The lethal phase of trr 1 was determined by crossing trr 1 /FM7 females to Oregon R (wild type) males. The amount of fertilized eggs that failed to hatch was 27.6% (161/584). These numbers are consistent with the predicted percentage (25%) of hemizygous trr 1 male progeny expected from this cross. Thus, lack of zygotic trr + activity, combined with 50% reduction of maternal trr + activity, results in embryonic lethality. The cuticles of these dead embryos were mounted in Hoyer's and microscopically examined, but displayed wild type morphology (data not shown) and therefore did not provide additional insight into trr function. When the trr 1 allele was introduced paternally by crossing trr 1 /Dp(1;Y)dor1T males to yf: = /Y females, the percentage of trr 1 hemizygous male embryos that fail to hatch decreased and some dead first instar larvae were observed. Dead larvae and embryos that produced cuticles displayed wild type cuticular morphology (data not shown). However, the precise percentage of trr 1 hemizygotes that failed to hatch cannot be determined since 25% of the embryos from this cross are expected to be nullo-X (i.e., Dp(1;Y)dor1T/Y), which results in lethality at various embryonic stages. Only some nullo-X individuals may be scored as dead embryos while others superficially resemble unfertilized eggs. Nevertheless, we can conclude that some hemizygous trr 1 embryos that receive normal diploid dosage of maternally contributed trr + activity survive a bit longer than those derived from trr 1 heterozygous mothers. These observations, which are consistent with the timing of trr RNA expression, provide further evidence for both maternal and zygotic components of trr function during embryogenesis. Presumably, in order to assess the effect of complete lack of trr + activity during embryogenesis, it would be necessary to examine trr 1 hemizygotes derived from homozygous trr 1 female germline clones. Many trx-G mutant alleles suppress the dominant homeotic transformations produced by Pc mutant alleles (Kennison and Tamkun, 1988) , and some trans-heterozygous combinations of Pc-G mutant alleles exhibit enhanced In embryos (anterior is to the left), at the syncytial blastoderm stage the maternal trr RNA is uniformly distributed. At embryonic stages 8 (C) and 10 (D) trr is highly expressed in the mesodermal layer (ms), in the anterior (amg) and posterior (pmg) midgut, but is not detectable in the ectodermal layer (ec). At stage 13 (E) and 15 (F), trr transcripts are present at high levels in the ventral nerve cord (vc) and supraesophageal ganglia (spg). By the time of completion of dorsal closure at embryonic stage 15, the restricted expression of trr in midgut becomes uniform in all gut tissues. Expression of trr RNA is relatively uniform in the eye-antennal (G), legs (H,I), wing and haltere discs (J).
homeotic transformations (Campbell et al., 1995) , as do trans-heterozygous combinations of some trx-G mutant alleles (Shearn, 1989; Tamkun et al., 1992; Dingwall et al., 1995 (Table 1) . Alterations of male-specific cuticular features, such as sex combs and abdominal pigmentation patterns, generally provide more sensitive indications of homeotic transformations. However, recessive embryonic lethality and X-linkage of trr 1 prohibit assessing the potential homeotic phenotypes of trr 1 using these markers. Nevertheless, on the basis of these preliminary genetic tests and lack of embryonic homeotic phenotype exhibited by trr 1 hemizygotes, we cannot at this time classify trr as either a trx-G or Pc-G gene.
Since Su(var)3-9, which encodes the only previously identified Drosophila SET domain protein that does not regulate homeotic genes, is involved in PEV, we also tested trr 1 for modification of In(1)w
m4
. This allele of the white gene exhibits variegated expression (PEV) due to its juxtaposition with heterochromatin (Reuter and Wolff, 1981) . No difference could be detected in the eye pigmentation of y trr 1 w 67c23 / In(1)w m4 females compared to y trr + w 67c23 / In(1)w m4 females (data not shown). Thus, it appears that trr is also not involved in PEV.
Conclusions
trr is the fifth Drosophila SET domain gene to be identified. Inclusion of both SET and PHD finger-like domains in TRR protein suggests that TRR is involved in chromatinmediated transcriptional regulation. Together with Drosophila TRX, human ALL-1, and human ALR proteins, TRR belongs to a rather specific subfamily of SET/PHD domain proteins with which it shares additional extensive homologies in several other domains. This combination of homologies suggests that the biochemical activities of the members of this subfamily might be very similar. Within this family, TRR is structurally most similar to the mammalian ALR protein (Prasad et al., 1997) ; it is tempting to speculate that TRR and ALR may be functional homologues. Unlike previously characterized Drosophila SET domain genes, trr does not appear to be involved in regulation of homeotic genes or PEV. Nevertheless, its apparent evolutionary conservation in flies and mammals, and embryonic lethality of a trr null allele collectively suggest that TRR is likely to be involved in regulation of developmentally important genes. Further studies will be needed to identify trr target genes and elucidate the role trr plays in development.
Experimental procedures
Isolation of cDNA and genomic sequences
Two approaches were used to isolate trr cDNAs. First, the D. melanogaster lgt10 embryonic cDNA library (Clonetech) was screened at low stringency (0.2× SSC, 0.1% SDS at 42°C) with a~450 bp probe derived from the sequences corresponding to the SET domain of the human ALR gene (Prasad et al., 1997) . Seven positive overlapping cDNAs representing more than 3 kb of the trr coding region were identified and sequenced. Second, degenerate oligonucleotides, which were designed against conserved SET domain coding sequences (upper primer: 5′-GGGAATT-CAAC/TCAC/TTC/GNA/TG/TA/G/TA/GANCCNAAC/T; lower primer: 5′-GGAAGCTTA/GTAA/GTCA/GA/TAN-A/GA/TNAA/GC/TTCC/TTC), were used to first prime cDNA synthesis and then amplify SET domain encoding sequences from 4 to 8 h embryonic polyA + RNA. The RT-PCR product was digested with EcoRI and HindIII, cloned into the pBluescript vector and sequenced using T3 and T7 primers. The D. melanogaster genomic library in Charon 4A (provided by T. Goto) was screened using probes derived from the cloned trr cDNAs. Two positive overlapping phage clones MG2 and MG3 were identified. Their inserts were subcloned into the pBluescript vector and partially sequenced, revealing overlap with arm the sequence. Genomic sequence of a cosmid including this region has also been reported (Genbank accession number AL021106). The insert of the phage MG3 was then sequenced entirely. Sequencing was performed in an ABI automatic sequencer. The sequence was analyzed using the GCG software programs BLAST, FASTA, TFASTA, MOTIFS and PILEUP.
RT PCR experiments
The positions of the introns in the C-terminal region of trr were determined by comparison of the cDNA sequences with the genomic DNA sequence of the MG3 phage. To detect introns in the N. terminal region of trr, a series of overlapping DNA fragments were synthesized by RT-PCR using embryonic RNA as a template. These fragments were sequenced and compared with the DNA sequences of the MG3 phage. 
Mapping of trr 1 mutation:
To map the trr 1 mutation, genomic DNAs were isolated from the trr 1 /FM7 females and the FM7 males. Both DNA samples were used to synthesize by PCR a series of overlapping DNA fragments which covered the entire trr coding region. All PCR-generated DNA fragments were directly sequenced. Sequence comparisons showed that the trr 1 mutation is a single nucleotide substitution in the CAG triplet 89 (C to T) which creates a TAG stop codon.
Northern blot analysis
Total RNA was extracted from 1 to 7 and 7 to 20 h D. melanogaster embryos by the guanidinium thiocyanate/phenol procedure. Poly(A) + RNA (3 mg) was fractionated by electrophoresis through 0.8% formaldehyde agarose gel at 4 V/cm for 14 h and transferred by capillary blotting to a nylon membrane (Magna, MSI). RNA isolation and hybridization was performed as described previously (Tillib et al., 1995) .
In situ hybridization
A 2.2 kb XhoI-SmaI fragment of trr cDNA was subcloned into the Bluescript KSII+ vector (Stratagene). Generally, 1 mg of plasmid DNA was used to synthesize with T7 RNA polymerase antisense RNA probes with the Genius 4 kit (Boehringer-Mannheim). RNA in situ hybridization on whole-mount ovaries, embryos and larval tissues using digoxigenin-labeled antisense RNA probes was performed as described (Tautz and Pfeifle, 1989; Kramer and Zipursky, 1992; Savant-Bhonsale and Montell, 1993) except that single-stranded RNA probes were used. Staging of embryos was according to Campos-Ortega and Hartenstein (1985) .
Construction of transgenic fly lines and isolation of the trr 1 allele:
A 12 kb EcoRI-EcoRI and an 8 kb XhoI-XhoI genomic fragments ( Fig. 1) were subcloned into the pCaSpeR-3 vector (P[R2, w + ] and P[R1, w + ] constructs, respectively) and used for microinjection into y Df(1)w 67c23 ; Sb D2-3/TM6, Ubx embryos. Transformants carrying transposons on the second chromosome were selected and used in the following F2 lethal mutagenesis. y Df(1)w 67c23 (y w) males were fed ethylmethane sulfonate (EMS) and then mated with y f: = /Dp(1;Y)dor1T females. Dp(1;Y)dor1T refers to a Y chromosome that contains a duplicated copy of the 1A;2C1-2 region of the X chromosome. It therefore includes a wild type copy of trr and was employed to cover the recessive lethality of trr alleles and other mutations in this chromosomal region. Individual F1 Lindsley and Zimm (1992) .
